ABSTRACT TY Pup is a well-known bright eclipsing binary in southern hemisphere with an orbital period of 0.8192 days. New light curves in B, V, (RI) C bands were obtained with the 0.61-m reflector robotic telescope (PROMPT-8) at CTIO in Chile from January to February 2015 and from March to April 2017. By analyzing those photometric data with the W-D method, it is found that TY Pup is a low-mass-ratio (q ∼ 0.184) and deep contact binary with a high fill-out factor (84.3 %). An investigation of all available times of minimum light including three new ones obtained with the 60-cm and the 1.0-m telescopes at Yunnan Observatories in China indicates that the period change of TY Pup is complex. An upward parabolic variation in the O − C diagram is detected to be superimposed on a cyclic oscillation. The upward parabolic change reveals a long-term continuous increase in the orbital period at a rate of dP/dt = 5.57(±0.08) × 10 −8 d yr −1 . The period increase can be explained by mass transfer from the less massive component (M 2 ∼ 0.3M ⊙ ) to the more massive one (M 1 ∼ 1.65M ⊙ ) and the mass ratio of the binary system will become more smaller. In this way, the binary will be merging when it meets the criterion that the orbital angular momentum is less than 3 times the total spin angular momentum, i.e., J orb < 3J rot . This suggests that the system will finally merge into a rapid-rotating single star and may produce a luminous red nova. The cyclic oscillation in the O − C diagram can be interpreted by the light-travel time effect (LITE) via the presence of an additional companion.
Introduction
W UMa-type stars are short-period (P < 1 day) binaries where both component stars are filling the critical Roche lobe and possess a common envelope (e.g., Qian et al. 2017) . They evolved from detached binary stars via angular momentum loss and/or a case A mass transfer (e.g., Qian et al. 2018 ). Low-mass-ratio and deep contact binaries are on the late evolutionary state of contact binary systems. They have a high fill-out factor (f > 50%) and a very low mass ratio (q < 0.25) (Qian et al. 2005) . This type of binaries may be the progenitors of single rapidly-rotating stars (e.g. Kandulapati et al., 2015; Sriram et al., 2016 Sriram et al., , 2017 Li et al. 2017; Liao et al. 2017; Samec et al. 2011 Samec et al. , 2018 and will produce a new type of stellar outburst, i.e., luminous red novae (e.g., Zhu et al. 2016 ). These properties make them an important source to understand the merging of binary and to investigate the structure and evolution of contact binaries at the late stage. On the other hand, W UMa-type binaries have the shortest orbital period and the lowest angular momentum among main-sequence binary stars. Searching for and studying the third components of such systems can also provide more information of their formation and evolution because they may have played an important role during the origin and evolution of contact binaries by removing angular momentum from the central binaries (Qian et al. 2013a ).
TY Pup (HIP 36683, HD 60265 ) is one of the bright contact binaries in southern hemisphere, which was discovered by Hertzsprung (1928) . Campbell (1928) made the first photometric measurements and derived its period as 0.58071564 days. The first spectroscopic observations were performed by Struve (1950) and found two periodicities with periods of 0.58 and 9.7 days, respectively. Later, new photometric observations were carried out by Huruhata et. al. (1957) , but the results were unable to confirm either Struve's value of zero epoch or his secondary period of 9.7 days. The correct period of TY Pup was derived by Van Houten (1971) as 0.819235 days, which fitted well for both photometric observations by Huruhata et al. (1957) and spectroscopic one by Struve (1950) . Struve (1950) classified its spectral type as A9n, but Duerbeck & Rucinski (2007) reported that the spectral classification of HDH (Michigan Catalogue of HD Stars) is F3V and agrees with the Tycho-2 mean color index of B − V =0.36. The radial-velocity studies by Duerbeck & Rucinski (2007) suggested that TY Pup is a typical A-subtype contact binary with a mass ratio of q = 0.25.
Recently, based on V-band observations obtained by the All Sky Automated Survey (ASAS, Pojmanski 1997 Pojmanski , 2002 , the physical parameters of TY Pup were determined by Deb & Singh Gu et al. (1993) ; Berdnikov & Turner (1995) ), they gave a linear ephemeris with no changes in the orbital period. However, Qian (2001) found that the period change was increasing continuously at a rate of dP/dt = 1.66 × 10 −7 d yr −1 . In this paper, we present new CCD observations and their photometric solutions. Then the changes in the orbital period are investigated based on all available eclipse times which shows a combination of a cyclic variation and a continuously increasing. We detect that TY Pup is a low-mass-ratio and deep contact binary with an additional companion and it may be a progenitor candidate of luminous red novae.
New CCD photometric Observations
The first set of light curves of TY Pup in BV (RI) C bands were carried out for several nights from January to February 2015 with the back illuminated Apogee F42 2048×2048 CCD attached to the 0.6 m Cassegrain reflecting telescope of PROMPT-8 1 robotic telescope. The telescope located at the Cerro Tololo Inter-American Observatory (CTIO) in Chile. The web-based SKYNET client allowed us to request and retrieve image remotely via the internet. SKYNET system also provided nightly calibration images, including bias, dark, and flat-field images (Layden et al. 2010 ). All CCD reductions and aperture photometry measurements were done with standard procedure packages of IRAF 2 .
The coordinates of the comparison and check stars are listed in Table 1 . The corresponding light curves are displayed in Fig. 1 where the magnitude differences between the comparison star and the check star are also shown in the figure. The second set of light curves were obtained from March to April 2017 and are plotted in Fig. 2 . To obtain more times of light minimum, TY Pup was also monitored by using the 60 cm and 1.0-m telescopes of Yunnan Observatories (YNOs) in January 2015 and January 2018, respectively. These telescopes were equipped with a Cassegrain-focus multicolor CCD photometer where an Andor DW436 2K CCD camera. Standard Johnson-Cousin-Bessel BV (RI) C filters were used. Three eclipse profiles are shown in Fig. 3 where the differential magnitudes between the comparison and the check stars are also displayed. 
Variations in the orbital period
Earlier epochs and O − C analyses of TY Pup were published by several investigators (e.g. Gu et al. 1993 and Berdnikov & Turner 1995) . The authors derived linear ephemeris of the binary. Later, Qian (2001a) obtained a quadratic ephemeris and pointed out that the period of TY Pup was secular increasing with rate of dP/dt = 1.66 × 10 −7 d yr −1 andṖ /P = 2.03×10 −7 yr −1 .
Based on our photometric observations, four times of light minimum were determined. The variations of the orbital period were analysed by using O − C (observed minus calculated) method. In order to investigate the orbital period change of TY Pup, the (O − C) 1 values of all available times of light minimum were computed with the linear ephemeris given by Kreiner (2004) :
The corresponding O-C diagram is shown in the upper panel of Fig. 4 . As shown in the panel, the changes in the orital period of TY Pup are complex due to a small-amplitude cyclic variation.
Only an upward parabolic variation cannot fit the (O − C) 1 curve very well. To get a better fit for the trend of (O − C) 1 curve, we have to combine a new quadratic ephemeris with an additional sinusoidal term when assuming that the period oscillation is cyclic. All times of light minima are listed in Table 2 . By using a least-square method, the new ephemeris was determined: 
According to Eq. (2), the semi-amplitude of cyclic oscillation is 0.0072 days and the sinusoidal term suggests that it has an oscillation with a period of 3.62 years. The quadratic term in Eq.
(2) also reveals a continuous period increase at a rate of dP/dt = 5.57(±0.08) × 10 −8 d yr −1 . This kind of period variation are usually encountered for W UMa-type binary stars. Some other examples are AB And and TY UMa (e.g., Li et al. 2014 Li et al. , 2015 . After the long-term period change is subtracted from the O-C diagram, the cyclic oscillation is shown in the middle panel of Gu et al. (1993) . As shown in Fig. 5 , the light curves could overlap within the error and all of them are clearly symmetric indicating that the light curve may not changeable.
For the photometric solution, we use the spectral type of F3V determined by Duerbeck & Rucinski (2007) . Our photometric data in four-color BV (RI) C light curves observed in 2015 are analysed by using the Wilson & Devinney (W-D) code (Wilson & Devinney 1971; Wilson 1990 Wilson , 1994 Wilson , 2012 van Hamme & Wilson 2007 ) to determine their photometric elements. The color index B − V =0.40 given by Morton & Adams (1968) corresponds to T ef f =7000 K, while the value B − V =0.36 to T ef f =6900 K (Flower 1996) . During the solutions, the effective temperature of the primary star (T 1 ) was fixed as 6900 K corresponding to its spectral type (Cox 2000) . We assume that the convective envelope already developed for both components. Therefore, the bolometric albedos for star 1 and 2 were taken as A 1 = A 2 = 0.5 (Rucinski 1969) and the values of the gravity-darkening coefficients g 1 = g 2 = 0.32 (Lucy 1967) were used. The monochromatic and bolometric limb-darkening coefficients were chosen from van Hamme's table (van Hamme 1993) by using logarithmic functions.
For reliable photometric light-curve modeling, the mass ratio should be obtained from precise spectroscopic radial velocity measurements (Deb & Singh 2011) . But for our photometric data, we found that the synthetic light curves could not fit well when we used the spectroscopic mass ratio q sp of 0.25±0.03 from Duerbeck & Rucinski (2007) . Therefore, We used a q-search method to determine its photometric mass ratio q ph and then set the mass ratio as an adjustable parameter to get a better fit. The q-search result suggests that the range of mass ratio is between 0.18 to 0.22 as displayed in Fig. 6 . At the end of modeling process, we obtain the photometric mass ratio of 0.1839(±0.0016).
The adjustable parameters are the inclination (i), the mass ratio (q), the temperature of Star 2 (T 2 ), the monochromatic luminosity of Star 1 (L 1B , L 1V , L 1R and L 1I ), the dimensionless potential of stars 1 (Ω 1 = Ω 2 ) in mode 3 (Leung & Willson 1977) for contact configuration, respectively. As shown in Fig. 5 , the light curves in BV (RI) C bands seem to be symmetric and the O'Connell effect with spot model is not considered for this time. In addition, the (O − C) diagram shows a cyclic variation that may be caused by light-travel time effect via the presence of a third companion. Thus, we added the third light (l 3 ) as an adjustable parameter in the modeling process to get a better fit. As the result, the third light could not be detected during the process. It seems to be very small contribution when compared to the total light from the system. The solutions are listed in Table 4 and theoretical light curves (solid lines) are plotted in Fig. 7 , compared to the normal points from photometric observations.
Discussions and conclusions
Although TY Pup was discovered in 1928 as a variable star, it was neglected for photometric study and orbital period investigation. Our photometric solutions indicate that TY Pup is an A-subtype deep-contact binary with a high fill-out factor (f = 84.3%) and a low mass ratio (q = 0.184). These parameters are close to those derived by Gu et al. (1993) and Deb & Singh (2011) , while the photometric mass ratio differs from the spectroscopic one q = 0.25 given by Duerbeck & Rucinski (2007) . This may be caused by the fact that the radial-velocity curves of TY Pup given by them were constructed by only a few observations. As we can see in Fig. 4 in the paper of Duerbeck & Rucinski, the spectroscopic mass ratio was mainly depending one data point. The temperature difference of the two components is very small (∆T =15 K) with T 2 /T 1 = 1.0022, this suggests that the system is under thermal contact. In addition, the orbital inclination is about 83.6 deg, this indicates that it is a total eclipsing binary and physical parameters we obtained are reliable.
The geometrical structures of TY Pup are plotted in Fig 8. Based on spectroscopic elements determined by Duerbeck & Rucinski (2007) , the absolute parameters of TY Pup are estimated as:
The upward parabolic variation in the O-C diagram reveals that the period of TY Pup is increasing continuously at a rate of dP/dt = 5.57(±0.08) × 10 −8 days/year. The period increase can be explained by the mass transfer from the secondary component to the primary one. When material is exchanged between the stars in the system, the center of mass of the system will be shifted and consequently the orbital period of the system will change. If the long-term period increase is due to conservative mass transfer from the less massive component to the more massive one, the mass transfer rate can be determined with the following equation (Tout & Hall 1991) ,
The result is dM 2 /dt = 8.41 × 10 −9 M ⊙ yr −1 . The timescale of mass transfer can be estimated as M 2 /Ṁ 2 ∼ 3.6 × 10 7 yrs and the time scale of period increase P/(dP/dt) ∼ 1.47 × 10 7 yrs orṖ /P ∼ 6.8×10 −8 yr −1 . If the more massive star (M 1 ) is gaining mass from the less massive star (M 2 ), the mass ratio of the contact binary (q) will decrease. The primary will become too massive (Qian 2001b) . However, the contact configuration cannot be broken, due to its deep contact configuration with a high fill-out factor, f > 50% (He et al. 2012) . By using the statistical relation between f and q for low-mass-ratio and deep contact binaries derived by Yang & Qian (2015) ,
a calculation with the mass ratio q=0.184 yields the fill-out factor of TY Pup as f = 59.96%. This is smaller than the observed value (f = 84.3%).
The low mass ratio together with the deep contact configuration of TY Pup indicate that it is at the late evolutionary state of contact binaries. According to Hut (1980) , when the W UMa system meets a secular tidal instability, i.e., the orbital angular momentum is less than three times of the spin angular momentum (J orb < 3J spin ), the system will ultimately merge to be a single rapidly rotating star. A computation with the relation between the mass ratio and the angular 
leads to the angular momentum ratio for TY Pup as 0.096. The decrease of q caused by the mass transfer from the less massive component to the more massive one will cause the system finally meet J spin /J orb > 1/3. At that time, the binary will be merging and produce a luminous red nova (e.g., Zhu et al. 2016) . Some contact binary systems with observational properties similar to TY Pup are listed in Table 5 . All of them are F-type deep contact system with mass ratios lower than 0.25 and fill-out factors larger than 50% (Qian et al. 2005) . They may be the progenitor of a single rapid-rotating star and will produce luminous red novae (e.g., Zhu et al. 2016; Sriram et al., 2016 Sriram et al., , 2017 Liao et al. 2017; Samec et al. 2011 Samec et al. , 2018 .
The cyclic variation of O − C diagram in Fig 4 can be explained as magnetic activity cycles which normally occur in the late-type stars (e.g. Applegate 1992 ). However, as discussed by Qian (2001a Qian ( , 2003 , magnetic braking in high fill-out over-contact binaries may be weaker than that in shallow contact binaries. Furthermore, since TY Pup have been found and investigated for decades, no magnetic activities were found from available publications (e.g. Stepien et al. 2001 ). In addition, it is clear that the sinusoidally varying is periodic, so this cyclic variation may be more plausibly interpreted as the light-travel time effect (LTTE) via the presence of the third companion. Therefore, we thought that the unseen tertiary may be the reason to cause the cyclic oscillation. To derive the parameters of the third component, we assumed that the tertiary's orbit is circular. The parameters of the third component were determined by using the mass function equation,
where the projected radius of the orbit a ′ 12 sin i ′ = A 3 × c (when A 3 is the semi-amplitude of the O −C oscillation, c is the speed of light and i ′ is the inclination of the orbit of the third component). The corresponding results are shown in Table 6 . 
